Abstract. Digital color imaging relies on spectral filters on top of a pixelated sensor, such as a CMOS image sensor. An important parameter of imaging devices is their resolution, which depends on the size of the pixels. For many applications, a high resolution is desirable, consequently requiring small spectral filters. Dielectric nanostructures, due to their resonant behavior and its tunability, offer the possibility to be assembled into flexible and miniature spectral filters, which could potentially replace conventional pigmented and dye-based color filters. In this paper, we demonstrate the generation of transmissive structural colors based on uniform-height amorphous silicon nanostructures. We optimize the structures for the primary RGB colors and report the construction of sub-micrometer RGB filter arrays for a pixel size down to 0.5 μm.
2 1 μm [1] [2] [3] . However, the further decrease of the pixel size is not a straightforward process. These filters require new materials and complicated multi-step fabrication 10 . In addition to that, the conventional filters rely on absorption, thus relatively high thicknesses are required 10 and, as the filters are arranged side-by-side, limitations such as crosstalk come into play 11, 12 . An alternative is to use nanostructured surfaces, which due to their usually strong dispersion can be used to produce the so-called structural colors. The concept of structural colors is common in nature, e.g. blue
Morpho butterfly wings are not pigmented, but are seen in color because the incident light is spectrally dispersed due to the nanostructured pattern on the wings 13, 14 . This principle was quickly adapted in man-made structures using plasmonic nanoparticles [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, the free-electron oscillations in metals are accompanied by a significant optical loss, which led to an investigation of high refractive index dielectric materials, such as silicon (Si), titanium dioxide (TiO2), and gallium phosphate (GaP) 24 . Dielectric materials have lower intrinsic losses, thus can be used to obtain structural colors with a higher luminosity, which makes such nanostructures more suitable for applications, like color printing [25] [26] [27] [28] [29] [30] [31] [32] [33] . Furthermore, in contrast to plasmonics, dielectric nanostructures possess two types of fundamental resonances, electric dipole (ED) and magnetic dipole (MD) resonances [34] [35] [36] [37] [38] [39] . This provides an additional degree of freedom in the tunability of the spectral response. The structural colors can be also achieved in transmission as the resonances provide dips in the spectra 40 . By varying the geometry of the dielectric nanostructures, the positions of the resonances can be tuned throughout the whole visible spectral range and beyond.
This approach has been successfully used in producing a variety of transmissive colors including the realization of particular color filter arrays in RGB 12 , CMY 41 and multi-spectral [42] [43] [44] [45] arrangements.
In addition, an interesting aspect of nanostructured surfaces is the possibility to arrange them in a user-defined pattern with different local optical properties by changing just their lateral geometry. As the scattering of a single nanostructure can already provide a particular spectral response 35, 46 , a large density of different spectral functions is possible, which has been demonstrated in color printing with an extremely high number of dots per inch (DPI) 47 .
Considering this, we tackle the question whether such high resolution could be also achieved in color filter arrays for imaging applications. Despite recent progress, the construction and analysis of a high-transmission nanostructure-based sub-micrometer filters, to our knowledge, has never been carried out. Here we will experimentally and numerically explore the limits of the size of the 3 nanostructured RGB color filter arrays by carefully analyzing the crosstalk between different filters in order to prove the applicability of such filters in digital color imaging.
The structure we target in our work is schematically introduced in Figure 1 (a). It consists of sub-micrometer RGB filters constituted of all-dielectric nanostructures, which are placed on top of a spacer layer on the CMOS image sensor. In order to realize different filter functions, the lateral geometry is varied. Amorphous Si being one of the most commonly used high refractive index and CMOS compatible materials was used for the nanostructures. An example of a realized single-size periodic array of nanostructures is presented in Figure 1(b) . The inset of Figure 1(b) schematically depicts a unit-cell of such polarization independent disk-shape nanostructures, indicating the main tunable geometrical parameters: diameter, height, and period. During the optimization of the filter functions, certain requirements coming from the system engineering and nanostructure fabrication have to be met. One important factor in the use of nanostructured filter arrays is the uniform-height to enable an efficient transverse patterning. To determine the optimal height for the simultaneous realization of all three primary RGB colors, we calculated transmission spectra for homogeneous periodic arrays of nanostructures varying in height, diameter, and period. In the optimization, also other conditions, e.g. the limited resolution of the electron-beam lithography 48 , were taken into account. To compare the resulting colors, the transmission spectra were transformed into color codes by using CIE 1931 color matching functions, mimicking the human vision 49, 50 . Then, utilizing the sRGB primary color basis, we obtained the color quality, a figure of merit introduced in previous work 40 (see Supporting Information S2 for details). The color quality Qξ, with ξ ∈ {R, G, B} for red, green, blue, quantitatively compares the obtained color to the indexed color. It gains a maximum value of one, when the obtained color perfectly matches the primary color, and becomes zero when the achieved color is closer to a primary color different from the targeted one. Using this figure of merit, for each height the optimal realizations of R, G, and B filters were determined. As the most flawed part of the system limits its performance, we optimized towards the highest minimal value of the color quality between all three filters. We identified that a 175 nm height of the Si film gives the best compromise for realization of the colors. For this height, the optimal transverse dimensions of the nanostructures were found to be 80 nm, 105 nm and 150 nm in diameter, for R, G, and B respectively, and arranged in a period of 250 nm (see Supporting Information S3 for more details on parameters selection). 
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The calculated and measured spectra of the optimal filters, denoted by the circles in One of the main limitations of nanostructures is that their spectral response depends on the angle of incidence. To investigate the effect of different incidence angles on the color produced by the optimized RGB filters, we calculated their transmission spectra for angles up to 45°. In Figure 3 (a)
we show the resulting change in the transmission spectra. Whereas for the R filter only small changes can be observed, the transmission spectra of the other filters qualitatively change, with new maxima appearing and existing minima vanishing. These changes are due to the angledependent excitation cross-section of ED and MD resonances, their spectral shift and separation enabled by coupling of the nanostructures 52 , and the excitation of higher order modes in the spectral range of interest. Even-though, we do not expect light scattering into higher diffraction orders at the normal incidence, due to the high effective refractive index of the filters they become apparent at the oblique incidence. To analyze the influence of all the effects on the color quality, we calculate Qξ for the different incidence angles and plot it in Figure 3(b) for R, G, and B, respectively. As expected, the color quality decreases with increasing angle of incidence.
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However, up to an angle of 25°, set by the B filter, color reconstruction can still be achieved and all filters produce distinguishable target colors. For the G filter, the maximum incidence angle is 40° and for the R filter it is larger than 45° (further analysis is given in Supporting Information S5). Finally, we study how the operation of the filters, arranged as small pixels in the Bayer-pattern 53 , is influenced by the lateral size of the pixels. To this end, we consider the concept of a backsideilluminated CMOS image sensor 54 , similar to the scheme depicted in Figure 1 (a). Here we 8 simplify the model by using a perfect absorber 5, 55, 56 It should be noted that in large-scale color filter arrays multiple ways can be employed to reduce the crosstalk. The use of a micro-lens array on top of the filters could focus the incoming light, thus limiting the surface area of interaction 57, 58 . A similar effect can be achieved by adding a mask layer acting as spatial filter, though this is connected to reduction of the effective sensor area. Also, 9 even-though this limits the spatial resolution, the crosstalk can be reduced by separating the pixels by a gap between them, as allowed by the use of CMOS. However, for the sub-micrometer sized pixels the use of additional optical components or geometrical manipulation is very complicated and is outside of the scope of this work. 
S1. Analysis and Tunability of Spectral Response
In order to explain an underlying mechanism of the spectral behavior of the dielectric nanostructure array, we show transmission, reflection and absorption of an array of nanodisk elements, see Figure S1 .1(a). The chosen structures are of 80 nm in diameter with a period of 250 nm and a height of 175 nm. In addition, we observe the dynamics of the electric (E) and magnetic (H) fields.
We select the wavelengths at the positions of the highest E and H intensities in the middle of the nanostructure, which happen to be at 520 nm and 540 nm, for E and H field respectively, as shown in Figure S1.1(b) . We plot the E and H fields at the horizontal and vertical cross-sections of the nanostructure. As can be seen in Figure S1.1(c,d) , the E field lines at 520 nm wavelength relate to an electric dipole (ED), while in Figure S1 .1(e,f) the H field lines at 540 nm wavelength depict a magnetic dipole (MD). The excitation of ED resonance requires a collective polarization induced
by the E field of the incident light, while the excitation of the MD driven by the E field of light that couples to displacement current loops 1 . This displacement current loop (as can be seen in Figure S1 .1(f)) induces a MD moment, oriented perpendicularly to the E field polarization. 
S2. Color Science and Figure of Merit for Color Quality
In this section we shortly introduce the steps made for the estimation of a color quality, which is a derived merit for the search of the best filter functions. There are multiple ways to optimize RGB filter functions, such as optimization towards particular wavelength ranges 3 , optimization in comparison to reference filters 4 or optimization according to CIE 1931 color matching functions 5 .
The latter was used for all of the experiments and simulations in this work, and will be shortly discussed here.
The spectral composition of visible light can be inspected by the introduction of color matching functions, which are the base of the CIE Standard Colorimetric System 6 . Each of the color matching functions are linearly independent and are used to obtain tristimulus values (X, Y, Z) from the given spectral data. To calculate these values, we multiply our transmission spectra by a 22 normalized power distribution of a day-light, then integrate over the specified color matching functions, as presented in the first equation. This allows us to numerically identify a color from a measured or simulated spectra.
The chromaticity diagram is used to evaluate a color gamut. However, the chromaticity diagram does not show the value of luminance, thus full determination of the color requires a transformation into a particular color space. We suggest the use of HSV color space, which can be obtained by
transforming tristimulus values to RGB and then the achieved values to HSV. The latter color space is further used for the formation of a figure of merit, color quality, which is adapted from 5 , but slightly modified to follow a linear trend:
where color is indexed by ξ, ∆ ξ = | ξ − | is a difference of the hue from the hue of a targeted color in radians, is the saturation and is the value of a color or basically the amplitude of the signal. This figure of merit results in only one positive ξ value, assigning the generated color to the closest primary color.
S3. Parameter Cube and Optimization Algorithm
Considering that the material and the environment of the object is set, the amorphous silicon nanodisk array has three main variable parameters: height and diameter of the nanostructures as well as period between them. These parameters can be visually presented as a parameter cube (see Figure S3 .1). While tuning the parameters we monitor the transmission, which is later transformed into a color and into a value of color quality as described in S2 section. In the algorithm we are looking for the maximum quality of the separate colors, but in order to limit our parameter space, e.g. select particular height, the key aspect to obtain the highest minimum between the RGB colors, 23 as shown in Figure S3 .2, in order to ensure that the quality of the worst filter would be as high as possible, securing the best values over all filters. In Figure S3 .2 we define a matrix of heights and periods and in each of the matrix points we sweep the diameter, starting from 50 nm to a value of 50 nm less than a period at the steps of 5 nm.
We observe the change of the figure of merit regarding the height and period and can notice that 
S4. Dispersion Parameters of Amorphous Silicon
Amorphous silicon (Si) nanostructures were made from a commercial amorphous Si layer (Tafelmaier Dünnschicht-Technik GmbH), with wavelength dependent dispersion parameters, shown in Figure S4 . In the case of spectral range of interest, from 400 nm to 700 nm, the real part of refractive index steadily decreases from 5.1 to 4.3, but sustains the high refractive index and compared to the surrounding materials, air (n = 1) and glass (n = 1.46), high contrast in the system.
In the same spectral range, the imaginary part of the refractive index, which is representing the losses in the material, drops significantly from 2.2 to approximately 0.2. Nevertheless, amorphous
Si is expected to be lossy in the whole spectral range of visible light. 
S5. Angle Tolerance Analysis of Optimized RGB filters
In the paper we presented and discussed the angle tolerance of the amorphous Si nanostructure- and by the increase of the angle light impinges at the different-size cross-section of the nanostructure. The coupling between the neighboring nanostructures also seems apparent as the electric field stretches to the boundaries of the simulation domain -periodic unit cell. As can be also seen, especially in the case of G filter, the loop comprising of the electric field lines shifts from the center of the nanostructure, it also appears to be stronger, which can be attributed to the blue-shift of the resonance. (c) B filter illuminated by 450 nm wavelength. E field is normalized to the highest value, E field lines depicted by white arrows.
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S6. Spacer Thickness Influence on Color Quality
The spectral response of the sub-micrometer sized filter array depends on the spacer thickness, the thickness of the layer between the filters and the monitors, the CMOS sensor. In the emulation of the CMOS sensor the spacer thickness was fixed at 0.1 µm due to the suggested thickness in the work by another group 4 . However, as shown in Figure 6 , our results support that 0.1 µm spacer is 28 robust. In addition, judging by the color quality, the spacer thickness could be even increased up to 0.25 µm, which could potentially add more flexibility to the fabrication of the actual device. Figure S6 . Color quality versus the thickness of the spacer. The thickness is varied from the interface of the silicon structures (no spacer) to the thickness of 1 µm.
